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Abstract: In this study, the effects of decarburization annealing time on the primary recrystallization
microstructure, the texture and the magnetic properties of the final product of 0.047% Nb low-
temperature grain-oriented silicon steel were investigated by means of OM, EBSD and XRD. The
results show that when the decarburization annealing condition is 850 °C for 5 min, the uniform
fine primary recrystallization microstructure can be obtained, and the content of favorable texture
{111} <112> is the highest while that of unfavorable texture {110} <112> is the lowest, which is mostly
distributed near the central layer. At the same time, there are the most high-energy grain boundaries
with high mobility in the primary recrystallization microstructure of the sample annealed at 850 °C
for 5 min, and the }-9 boundary has the highest percentage of grain boundaries. The samples with
different decarburization annealing time were annealed at high temperature. It was found that perfect
secondary recrystallization occurred after high-temperature annealing when the decarburization
annealing condition was 850 °C for 5 min. The texture component was characterized by a single Goss
texture, and the size of the Goss grain reached 4.6 mm. Under such annealing conditions, the sample
obtained shows the optimal soft magnetic properties of Bggg = 1.89 T and Py 7,50 = 1.33 w/kg.

Keywords: Fe-3.2%5i-0.047%NDb oriented silicon steel; decarbonization annealing; recrystallization
microstructure; texture; magnetic properties

1. Introduction

As a kind of soft magnetic material, grain-oriented silicon steel is widely used in
the manufacture of iron cores of various transformers and large generators [1-3]. It is an
indispensable important functional material in the fields of electronics and electric power
and in the military industry. Due to the increasing emphasis on environmental protection,
energy saving and emission reduction in recent years, the traditional high-temperature slab-
heating technology has become unsuitable for the development of grain-oriented silicon
steel. The production of grain-oriented silicon steel, especially high-magnetic-induction
grain-oriented silicon steel by low-temperature slab-heating technology, has become a
research hotspot at home and abroad [4-6].

The final microstructure and texture of grain-oriented silicon steel are completely
formed by the secondary recrystallization that occurs during high-temperature annealing,
and the microstructure and texture of the secondary recrystallization are affected by the
texture formed during the decarburization annealing. In order to obtain a certain amount
of primary recrystallized grains with Goss orientation, which will become the secondary
recrystallized crystal nucleus, the decarburization annealing must be applied to the cold-
rolled sheet to cause primary recrystallization. The microstructure and texture of primary
recrystallization of traditional oriented silicon steel using MnS and AIN as inhibitors
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have been extensively studied [7-10]. At present, the production of oriented silicon steel,
especially Hi-B oriented steel, is mainly based on the traditional high-temperature slab-
heating process, and the inhibitors are mainly MNS and AIN with high solid solution
temperature (above 1350 °C). Previous studies have shown that adding Nb to silicon steel
can significantly reduce the solid solution temperature of AIN. At the same time, adding
an appropriate amount of Nb to silicon steel can make the solid solution temperature of
Nb(N,C) lower than 1250 °C. Therefore, using Nb(N,C) and AIN as the main inhibitors can
achieve a lower slab reheating temperature (lower than 1250 °C), which has the advantages
of energy saving, improving yield and prolonging furnace life [11,12]. However, research
on the decarburization annealing process for Nb-containing low-temperature oriented
silicon steel has been rarely reported so far. In this paper, the primary recrystallization
microstructure, texture and grain boundary of Nb-containing low-temperature oriented
silicon steel after decarburization annealing at different holding times were studied by
OM, EBSD and XRD. The samples with different decarburization annealing time were
annealed at high temperature, and the effects of different decarburization annealing times
on the secondary recrystallization, texture and magnetic properties of the final product of
Nb-containing low-temperature oriented silicon steel were also studied.

2. Materials and Methods

The sample was a cold-rolled plate obtained by single cold rolling of a hot-rolled plate
at a reduction of 88%. The chemical composition of the cold-rolled plate is shown in Table 1.
The decarbonization annealing process is that the sample is heated to 850 °C in a sliding
rapid annealing furnace (Zhonghuan RTP-08123K-H, Tianjin, China), held for 3, 5 and
7 min, respectively. Additionally, the mixture of 25% N and 75% Hj is introduced to the
furnace as the protective atmosphere. The water bath temperature is about 60 °C. Finally,
the samples obtained after decarburization annealing are heated to 1200 °C at a heating
rate of 50 °C/h and annealed at this temperature for 10 h.

Table 1. Chemical composition of the tested steel (mass fraction, %).

C Mn Si Nb Al N Cu S P Fe
0.041 0.075 3.2 0.047 0.017 0.0083 0.082 0.015 0.006 other

Samples with the size of 12 mm x 5 mm were cut from the steel sample after decar-
burization annealing and after high-temperature annealing by wire cutting machine. The
metallographic sample with a size of 12 mm X 5 mm was cut from the decarburization
annealed steel sample by wire cutting machine, and microstructures were observed by
Axiovert-200MAT Zeiss metallographic microscope. The EBSD samples were electropol-
ished in 8% perchloric acid ethanol solution. The microstructure and texture of the samples
were analyzed by an electron backscatter diffraction (EBSD) system mounted on an FEI
Quanta 650 FEG scanning electron microscope. The ODFs of all studied samples were
calculated from EBSD measurement using the TSL OIM package. The grain boundary
character analysis and ODFs of each sample were all calculated based on the data of more
than 400 grains. In ODF analysis, texture components were divided into 7 grades. The
magnetic properties, such as iron loss (P1.7/50 (W/kg)) and magnetic induction (Bggg (T))
of the final product of silicon steel sheets, were measured by using a 2000E type testing
system for AC magnetic properties of silicon steel sheets, and a magnetic permeameter for
a silicon steel sheet with a size of 30 x 100 mm.

3. Results
3.1. Effect of Decarburization Annealing Time on Primary Recrystallization
3.1.1. Microstructure of Primary Recrystallization

Figure 1 shows the microstructure of decarbonized annealing samples along the
thickness direction of Nb-containing low-temperature oriented silicon steel at different
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holding times. As shown in Figure 1, all samples annealed at different holding times were
completely recrystallized, and their microstructure is composed of single ferrite equiaxed
grains. However, the homogeneity of average grain size and microstructure are quite
different. With the increase in holding time, the grain size increases gradually, and the
microstructure changes from non-uniform to homogeneous to non-uniform.

Figure 1. Microstructure of decarbonized annealing samples along the thickness direction: (a) 850 °C x 3 min; (b) 850 °C x 5 min;
() 850 °C x 7 min.

When the holding time is 3 min, the grain size is the smallest; the average grain
size is about 13 um, but the microstructure uniformity is poor. This is because when
recrystallization occurs, the nucleation and growth occur firstly at the locations where
storage energy is relatively high, while the process of recrystallization at the locations
with lower storage energy is relatively prolonged. Because of the short holding time, the
recrystallization grains in these regions have no time to grow. This results in the non-
uniform microstructure [12-14]. With the increase in decarburization annealing time, the
small grains will gradually grow. When the holding time is 5 min, the best uniformity of
the microstructure is obtained, and the average grain size is about 15 um. The fine uniform
primary recrystallization grain obtained is favorable for the secondary recrystallization
grain to annex the first recrystallized grain during the final high-temperature annealing,
and the primary recrystallization grain grows abnormally [15]. With a further increase in
decarburization annealing time, the grain growth is obvious. The average grain size in the
matrix exceeds 25 pum after holding for 7 min. There are several coarse grains in the sample.
The different grain storage energy in different orientations leads to different driving forces
of recrystallization growth, and the homogeneity of grain size decreases. In conclusion,
when holding time is 5 min, the primary recrystallized grains are the most uniform.

3.1.2. Primary Recrystallization Texture

Figure 2 shows the section of the surface texture orientation distribution function
@ = 45° after decarbonization annealing at different holding times. It can be observed
from Figure 2 that the texture types of primary recrystallization after decarburization
annealing at three different times are basically same, the y-fiber texture {111} <112>, {111}
<110> dominate, the strength of the «-fiber texture is relatively weak and there are some
weaker Goss texture components. Different grain strain energy storage occurs in cold-
rolled deformation matrices with different orientations, (110) > (111) > (112) > (001) [12].
Therefore, during decarburization annealing, the (111) grains firstly nucleate and grow,
and the (001) grains that have not been recrystallized around are swallowed by grain
boundary migration. Therefore, y-fiber texture {111} <112>, {111} <110> becomes the
strongest component in the primary recrystallization texture. When holding for 3 min,
there is a small brass texture {011} <211>, such that the abnormal growth of the brass
texture during high-temperature annealing has a negative effect on the formation of Goss
texture during secondary recrystallization.

Figure 3 shows the EBSD orientation maps of decarbonized annealing samples along
the thickness direction at different holding times. Table 2 shows the content of the main
textures in the sample (the misorientation angle is 15°). In Figure 2, the blue and green
grains represent the {111} <112> and {111} <110> textures on the y-fiber, respectively; the
dark green is {411} <148> texture, the red is Goss texture. After decarbonization annealing,
the texture along the thickness direction of the plate is relatively uniform, and the texture
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composition is almost the same, mainly including blue, green and dark green, and the three
kinds of grains are distributed in the surface layer, the subsurface layer and the central layer.
Most of the texture around the red Goss texture is {111} <112>, {411} <148> and {111} <110>
texture, and there is no size advantage. As shown in Table 2, the percentage of {411} < 148 >
texture in different holding times is the highest. Because the primary cold-rolling method
was used in this experiment, the reduction is relatively large. After cold rolling, strong
{001} <110> texture and {112} <110> texture are easily formed, while {411} < 148 > texture
quantity is relatively small, and most of them are distributed in the grain boundary, sub-
grain boundary and dislocation of o-fiber oriented grain [16-18]. When decarburization
annealing is carried out, because of the low storage energy of o-fiber oriented grains during
cold deformation, the recrystallization process and grain growth process become slower
and the « fiber oriented grains will form a large-angle grain boundary with the nearby {411}
<148> oriented grains. Therefore, there is a strong {411} <148> orientation texture in the
matrix after decarburization annealing. The content of {411} <148> texture is the highest
and {111} <112> content is the lowest at 3 min, {411} <148> content is the lowest and {111}
<112> content is the highest at 5 min and {110} <112> texture content is the least and most
distributed near the central layer; the content of {110} <112> texture is the highest and the
content of Goss texture is the least at 7 min. From Figure 3 and Table 3, the advantageous
{411} <148> and {111} <112> textures are greater at 5 min.

— §.698
— 5.643
3.661
2376
1.541
e 1,000
— ().649

Figure 2. ODFs of texture on the surface of decarbonized annealing samples (¢, = 45°): (a) 850 °C x 3 min; (b) 850 °C x 5 min;

(c) 850 °C x 7 min.

Table 2. Content of main texture of decarbonized annealing samples (%).

Temperature Time {111} <112> {111} <110> {411} <148> {110} <112> {110} <001>
/°C /Min
3 143 43 25.7 5.7 0.9
850 5 18.3 2.7 228 23 1.1
7 15.4 34 24.4 73 03

Table 3. Texture content after 850 °C high-temperature annealing with different decarbonization
annealing times.

Time/min {111} <112> {111} <110> {411} <148> {110} <112> {110} <001>

3 3.9 44 4.1 0.1 59.7
5 0.0 0.3 0.2 0.0 96.2
7 7.5 2.6 11.6 3.6 61.5
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Figure 3. EBSD orientation maps of decarbonized annealing samples along the thickness direction: (a) 850 °C x3 min;
(b) 850 °C x 5 min; (c) 850 °C x 7 min.

3.1.3. Grain Boundary Characteristics of Primary Recrystallization

The high-energy (HE) boundaries model [11,19,20] states that the grain boundary
defects are greater between 20° and 45° orientation difference, the grain boundary energy
is higher and the grain boundary mobility is higher, which is beneficial to the nucleation and
growth of Goss oriented grains. The grain boundary with a large difference in orientation
has a direct influence on the nucleation and growth of the {110} <001> texture in the
secondary recrystallization. When the number of high-energy grain boundaries and large-
angle grain boundaries is large, the overall storage energy of the grain boundaries is also
high. When the number of high-energy grain boundaries and large-angle grain boundaries
is large, the overall storage energy of grain boundaries is also high, so the migration speed is
high, and the inhibitor at this time has only weakly inhibiting high-energy grain boundaries
and large-angle grain boundaries. The ability of the grain boundary to diffuse outward
and move forward is relatively strong, and the {110} <001> grain is more susceptible to
nucleation and growth.

Figure 4 is a grain boundary distribution diagram of the decarburization anneal-
ing sample along the thickness direction of different holding time periods, wherein the
proportion of the low-angle grain boundaries, the high-energy grain boundaries and the
large-angle grain boundaries of >45° are shown in Figure 5. It can be seen from Figure 4
that there are only two types of grain boundaries around the Goss texture: a high-energy
grain boundary and a very small number of large-angle grain boundaries of >45°, and the
two grain boundaries are easy to migrate. Both types of grain boundaries exist around
{111} <112> and {411} <148> textures, and Goss texture and high-energy crystals are easily
formed between {111} <112> and {411} <148> textures. At this time, the storage energy of
the grain boundary is high, so there is a high migration speed, which is very helpful for the
abnormal growth of Goss grains during high-temperature annealing. It can be observed
from Figures 4 and 5 that the proportion of high-energy grain boundaries and large-angle
grain boundaries of >45° formed in the primary recrystallized matrix after decarburization
annealing at different holding times is larger than that of low-angle grain boundaries.
When the temperature is held for 3 min and 7 min, the large-angle grain boundary of >45°
is the greatest, followed by the high-energy grain boundary and then the low-angle grain
boundary. When the temperature is held for 5 min, there are the greatest high-energy
grain boundaries with high mobility, and the smallest low-angle grain boundaries with
low mobility. The grain boundary distribution at this holding time is most beneficial to the
abnormal growth of the subsequent Goss grains.



Crystals 2021, 11, 1209

6 of 10

B (110}<001>
O aiy<112>
[ (a113<148> ND

wesss Low angle grain boundaries
wessm High energy grain boundaries

mmmmm | arge angle grain boundaries RD

Figure 4. Grain boundaries of decarbonized annealing samples along the thickness direction: (a) 850 °C x 3 min;

(b) 850 °C x 5 min; (c) 850 °C x 7 min (green is a low-angle grain boundary (orientation difference <15°), red is a

high-energy grain boundary of high mobility (orientation difference of 20° to 45°) and blue is a large-angle grain boundary

(orientation difference >45°). Black represents Goss texture, purple represents {111} <112> texture and pink represents {411}

<148> texture.
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Figure 5. Fraction of grain boundaries of decarbonized annealing samples along the thickness direction.

The coincident site lattice (CSL) boundaries model [21] holds that the higher migration
velocity of the CSL grain boundary is beneficial to the growth of Goss oriented grains,
especially the higher migration velocity of the X9 grain boundary, and the most likely
migration occurs, followed by 5 grain boundary; the X3 grain boundary is not mobile. The
primary recrystallization occurs when the cold-rolled sample undergoes decarburization
annealing, wherein the {411} <148> and {111} <112> oriented grains, respectively, satisfy the
high mobility of the 29 grain boundary with the Goss grains. The primary recrystallization
occurs when the cold-rolled sample undergoes decarburization annealing, wherein the
{411} <148> and {111} <112> oriented grains and the Goss grains, respectively, satisfy the
high mobility of the X9 grain boundary. Therefore, Goss grains will move on the fast grain
boundaries and grow by consuming a large number of grains of {111} <112> and {411}
<148> orientations in the secondary recrystallization process.

Figure 6 is a diagram showing the distribution of coincident site lattice boundaries in
the thickness direction of the sample after decarburization annealing at different holding
times. It can be seen from Figure 6 that the grain boundary types after decarburization
annealing are mostly distributed between the ¥3~X11 grain boundaries, and the X3 grain
boundaries account for the highest proportion. Comparing the ratios of the grain bound-
aries of the three groups of samples, it is found that the 7 grain boundary is the strongest
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after 3 min, accounting for 0.7% of the total proportion, while the £3 grain boundary is
the weakest. When insulated for 5 min, the ratio of the X9 grain boundary is the highest,
which is 2.8%; the X5 grain boundary and X11 grain boundary are the lowest. The grain
boundaries of X3 and X11 are the highest, and the grain boundaries of £7 and X9 are the
lowest after 7 min.

Fraction/(%)
[ [ N N
o » o w

o
3

0.0

=3 5 7 ¥9 X1l %13 X13b 15 T17a E17b  X19a Z19b X2la
CSL Boundary

Figure 6. Fraction of CSL boundaries of decarbonized annealing samples along the thickness direction.

3.2. Effect of Decarburization Annealing Time on Secondary Recrystallization and
Magnetic Properties

For body-centered cubic metals, the grain surface energy of different orientations is
ordered from low to high: (110) < (100) < (111) [22]. The grain with low surface energy can
be preferentially grown, so the Goss nucleus {110} <001> formed during the primary re-
crystallization can undergo secondary recrystallization during high-temperature annealing
to obtain a perfect Goss texture.

Figure 7 is a low-magnification photo of the finished product after high-temperature
annealing under different decarburization annealing holding times. It can be seen from
Figure 7 that the samples under each decarburization annealing holding time have under-
gone secondary recrystallization. Among them, 850 °C x 5 min samples have a perfect
secondary recrystallization, and the maximum size of Goss grains is 25 mm, as shown
in Figure 7b. However, the secondary recrystallization process of the high-temperature
annealed sample shown in Figure 7a,c is incomplete, only a few grains have grown ab-
normally and a large number of mixed-crystal regions which are harmful to magnetic
properties exist.

Figure 8 shows the EBSD orientation imaging of the decarburization samples with
high-temperature annealing at different holding times, and the main texture contents in the
range of 50 mm x 30 mm in the samples are counted and listed in Table 3. It can be seen
from Figure 8 and Table 3 that the finished product with decarburization annealing and
heat preservation for 5 min is mainly Goss grains, accounting for 96.2% of the whole. It can
be seen from Figure 3b that Goss orientation grains are seldom obtained from the primary
recrystallization in the annealing process above-mentioned, and the nucleation rate of
high-temperature annealing is relatively low, so that the Goss orientation crystal nuclei can
be grown sufficiently. All of the high-temperature annealed samples at other holding times
grow non-Goss grains, so the Goss texture finds it difficult to consume these grains, and
the final finished structure is not composed of the Goss grains with the same orientation,
which inevitably leads to a product with high iron loss and a low magnetic induction.

Figure 9 shows the {001} pole figures of a decarburization annealing sample after
high-temperature annealing at different holding times, and the black area in Figure 9b
represents the density distribution area of Goss texture. It can be seen that the Goss texture
distributions of the decarburization annealing samples with different annealing times are
different. The Goss texture distribution of the samples with 3 min or 7 min holding times is
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relatively weak, with a large deviation angle. However, the sample with heat preservation
for 5 min has a dense Goss texture distribution and a small deviation angle.

Figure 7. Macrostructure after high-temperature annealing with different decarbonization annealing times of (a) 3 min,

(b) 5 min and (c) 7 min.

[CJ©on1-10]
1 E1-12)

CJatom-12
I 4-11)0148]

Figure 8. EBSD orientation maps after high-temperature annealing with different decarbonization
annealing times of (a) 3 min, (b) 5 min and (c) 7 min.

Table 4 shows the magnetic properties of the finished products with high temper-
ature annealing and decarburization annealing samples at different holding times. The
decarburization annealing samples and high temperature annealing samples with different
holding time were analyzed. It was found that the decarburization annealing samples
were kept for 3 min. The average recrystallized grain size was small but the microstructure
uniformity was poor, conducive texture has a low orientation density along the rolling
direction. There are many brass textures in the tissue along the thickness direction, and
27 grain boundary has a higher proportion, which result in a strong {001} <100> texture
of the sample after high temperature annealing. The magnetic induction strength of the
finished product is at least 1.67 T and the iron loss is 1.58 W/kg. The first recrystallized
structure of the decarburization annealed sample kept for 5 min is the best. And the texture
was the strongest along the rolling direction {111} <112>. The texture was favorable in
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the thickness direction. More high-energy grain boundaries cause abnormal growth of
Goss grains during high-temperature annealing, thus forming a strong Goss texture. The
magnetic induction strength of the finished product is 1.89 T and the iron loss is 1.33 W /kg.
The average recrystallized grain size of the decarburization annealed sample kept for 7 min
has exceeded 25 um. There is a large amount of brass texture in the thickness direction,
which is retained after high temperature annealing. The magnetic induction strength of the
finished product is not high at 1.72 T, but the iron loss is higher at 1.49 W /kg.

(b) A1

Figure 9. The {001} pole figures after high-temperature annealing with different decarbonization
annealing times of (a) 3 min, (b) 5 min and (c) 7 min.

Table 4. Magnetic properties after high-temperature annealing with different decarbonization an-
nealing times.

Decarbonization Annealing Time

Magnetic Properties

850 °C x 3 Min 850 °C x 5 Min 850 °C x 7 Min
Bsoo (T) 1.67 1.89 1.72

4. Conclusions

(1) The primary recrystallization microstructures of the different decarburization
annealing times show obvious differences. When the holding time is 5 min, the primary
recrystallized structure is the most uniform and fine, and the average grain size of the
primary recrystallization increases with the increase in the holding time.

(2) When annealing and holding for 5 min, the decarburization annealing at 850 °C
results in the favorable {111} <112> texture content being the highest, followed by the
{411} <148> texture content, which is about the same as with the other two annealing heat
preservation times; the content of unfavorable texture {110} <112> is the lowest and mostly
distributed near the center layer.

(3) When the temperature is kept for 5 min, there are the greatest high-energy grain
boundaries with high mobility, and the lowest low-angle grain boundaries with low
mobility, and the X9 grain boundary ratio is up to 2.8%, so the grain boundary distribution
at this holding time is the most favorable for the abnormal growth of the subsequent
Goss grains.

(4) The sample decarburization annealing at 850 °C for 5 min undergoes perfect
secondary recrystallization after high-temperature annealing. The texture component is
mainly a single Goss texture, and the Goss grain size reaches 4.6 mm. The final obtained
magnetic properties are the best, with Bgpg = 1.89 T and Py 7,50 = 1.33 W/kg.
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